The integral mitochondrial membrane protein cytochrome c oxidase (ferrocytochrome-c:oxygen oxidoreductase, EC 1.9.3.1) was crystallized from solutions of the protein from bovine heart isolated as described earlier [Yoshikawa, S. & Caughey, W. S. (1982) J. Biol. Chem. 257, 412-420]. Crystallinity was demonstrated by x-ray diffraction. [Fuller, S. D., Capaldi, R. A. & Henderson, R. (1979) J. Mol. Biol. 134, 305-327] pack well in the crystal lattice with the symmetry of the space group of the crystal. The crystallization procedure developed is useful in purification of the enzyme and shows promise for the production of crystals of sufficiently high order to gain improved structural information from x-ray diffraction.
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The key respiratory enzyme cytochrome c oxidase (ferrocytochrome-c:oxygen oxidoreductase, EC 1.9.3.1) catalyzes the reduction of dioxygen to water, utilizing electrons obtained from reduced cytochrome c (1) . The mitochondrial enzyme is an integral protein of the inner membrane, where it receives electrons from cytochrome c on the outside surface, converts 02 to H20 on the inside surface, and pumps protons from inside to outside (2) . The enzymes of a wide range of species of aerobic organisms contain many structural similarities. Very active enzyme can be isolated in good yield and high purity from bovine heart (3). The bovine enzyme has been most thoroughly studied.
The heart protein contains several polypeptide subunits and several metals. The structural basis for enzyme function is poorly understood. Einarsdottir and Caughey (4) found Fe, Cu, Zn, and Mg in atom ratios of 2:2.5:1:1, respectively.
The available data are consistent with a minimal catalytic unit of 2 Fe, 2 Cu, 1 Zn, and 1 Mg representing a monomer with one additional Cu (designated Cu.) per two monomers.
At least four metal ions per monomer are redox active, two irons and two coppers. Each iron is present in heme A, an iron porphyrin of unique structure found only in this oxidase (5) . The binding environments of other metals are only partially elucidated (4, 6) . The structure is also made complex by the presence of up to 15 different polypeptide subunits (7) (8) (9) (10) . Identification of the subunits in which the metals are located is incomplete, but some evidence points to the two hemes and two of the coppers being associated with subunits I and II. Removal of four polypeptides (III, VII, a, and b) has been shown not to remove any metals or to affect oxidase activity (10) .
A much more detailed understanding of enzyme structure is required for an adequate elucidation of structure-function relationships. The availability of well-ordered crystals would permit the application of x-ray diffraction techniques to structure determination. Crystallization of the enzyme can also be useful for enzyme purification and the identification of the true components of the native enzyme. Unfortunately, integral membrane proteins have proven very difficult to purify and crystallize (11, 12) . No eukaryotic membrane protein crystallization has been reported in which crystallinity has been confirmed by diffraction of x-rays. Six membrane proteins have yielded crystals that diffract x-rays, four from purple bacteria (13) (14) (15) (16) and two from Escherichia coli (17, 32) . One high-resolution structure has been completed (13) . Previous reports on the crystallization of cytochrome c oxidase turned out to be irreproducible and proof or evidence that the material obtained was crystalline could not be presented (11, 18) . Here we report the development of the methods for obtaining crystals of bovine heart cytochrome c oxidase that diffract x-rays. The crystals of the heart enzyme provide additional evidence on the composition and three-dimensional structure of this complex integral membrane protein.
MATERIALS AND METHODS
Protein Isolation and Characterization Methods. The enzyme was isolated from bovine heart muscle by using either Tween 20 (Sigma) or Brij 35 (Pierce Chemical high-purity detergent) as the detergent (3). After dialysis against 10 mM sodium phosphate buffer, pH 7.4, the final product in the oxidized (resting) state is freely soluble in neutral buffer without any added detergent. Metal contents were determined with an atomic absorption apparatus or an inductively coupled plasma atomic emission spectrometer (4) . Protein contents were evaluated by measurement of the ratio of the absorbances at 280 nm and the Soret band of the oxidized tTo whom reprint requests should be addressed.
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enzyme, amino acid residue analysis, and determinations by the biuret method as modified by Yonetani (18) , using bovine serum albumin as a standard. In the amino acid analysis, tryptophan was determined with the method of Penke et al. (19) and cysteine from the carboxymethyl derivatives. NaDodSO4/polyacrylamide gel electrophoretic analysis of polypeptides was carried out by the method of Laemmli (20) . The detergent Brij 35 was estimated by the procedure described by Yoshida et al. (21) . Enzyme concentration is expressed in terms of heme A measured by optical spectra (3). Enzyme activity was determined as the rate of reduced cytochrome c oxidation in aerobic solutions (22) .
Crystallization Methods. In the course of concentrating the purified protein in 10 mM sodium phosphate buffer at 40C with an Amicon ultrafiltration apparatus model M-3 with an XM 50 membrane, turbidity appeared in the solution when a concentration near 1.5 mM was achieved. Examination in a light microscope with a polarizer supports the presence of crystals as tetragonal prisms with typical dimensions of <0.02 mm in the largest dimension. The crystals were easily collected by centrifugation, and no associated amorphous material was apparent upon microscopic examination.
Solutions in 0.3-1.0 mM sodium phosphate buffer, pH 7.4, prepared from small tetragonal prisms, after dialysis against the same buffer for 15 hr at 40C, yielded hexagonal bipyramids. These crystals appeared at a lower protein concentration when being concentrated on the Amicon ultrafiltration apparatus than was the case with 10 mM buffer. The hexagonal bipyramids obtained rapidly were much too small for crystallographic analysis. Much larger hexagonal bipyramids were reproducibly obtained by carefully controlling the conditions of crystallization. The optimal conditions were evaluated for each enzyme solution by determining the protein concentration that was slightly lower than the point where small crystals appear rapidly. Control of conditions involved the application of constant pressure to the ultrafiltration apparatus and stirring the enzyme solution at a constant speed. The decrease in the rate of filtration of the medium through the ultrafiltration membrane with time was also monitored. When 1 ml of 0.75 mM enzyme solution was used, small crystals appeared rapidly after about 2 hr of filtration; the time for initial crystallization could be estimated within ± 5 min. The enzyme solutions used in the successful production of crystals large enough for detailed crystallographic analysis were usually concentrated for 5-10 min, less than the time required to result in rapid crystallization of small crystals. The (Fig. 1) . Rapid crystallization yielded only small crystals, whereas slow crystallizations have yielded crystals as large as 0.3 x 0.5 x 0.7 mm. Attempts to prepare large crystals from 10 mM sodium phosphate buffer have been unsuccessful.
Properties of Crystals. The visible/Soret spectra of solutions from crystals (tetragonal prisms) (Fig. 2) were analogous to spectra reported previously (23 (14) . Integral membrane proteins have proven very difficult to crystallize. The problems are well discussed by Michel (11) and by Garavito et al. (12) . Michel and coworkers crystallized a photosynthetic reaction center and obtained atomic-resolution diffraction data for it (13 Crystallization of the oxidase from solutions of highly purified enzyme has little or no effect on oxidase activity or optical spectra but can result in some purification of the protein. As 'he overall dimenshown in Fig. 2 , the band near 560 nm is retained, even after upper photograph repeated recrystallizations, and thus is an oxidase band, a al, which has been conclusion that earlier had been questioned (18, 23 (26, 27 most amino acids the percent contribution of individual amino acids to the total is generally similar in the two sets of data. However, the amount of glutamic acid plus glutamine (Glx) is greater by 1.06% in crystals compared with the Buse data. The likely origin of differences between the two sets of data involves subunits I and III. These two subunits have not been directly sequenced from the isolated polypeptides but rather were deduced from the gene DNA sequences (29) . The molecular masses estimated from NaDodSO4/polyacrylamide gel electrophoresis evidence support masses for subunits I and III of about 36 and 21 kDa (28) compared with 57 and 31 kDa, respectively, based on the DNA sequence (30) . Shorter polypeptide chains than those of the DNA sequence are also supported by the higher percentage of Glx found experimentally for I and III (28) , since the crystals gave 7.75% Glx whereas Buse et al. computed I to contain tComputed from DNA sequence of gene for subunits I and III and direct sequence determinations for 10 other subunits, assuming one subunit per monomer for all subunits except VIIIb, which is taken twice. only 2.9%o Glx and III, 5.7% Glx (8) . These findings suggest that the genes for subunits I and III contain introns that result in smaller peptides richer in Glx than are indicated by the complete DNA sequences. Another possible origin of the difference between the experimental and Buse results is that the number of subunits per monomer assumed by Buse et al. is not correct. A third possibility, our overestimation of the monomer concentration in the crystals, is unlikely in view of the reproducible results obtained from seven independent amino acid and Fe determinations. Furthermore, even if the monomer concentration were overestimated, the Glx content (as percent of total residues) would not be affected.
The direct analysis for Brij 35 indicates a substantial amount of the detergent in the crystal-about 50 kDa per two hemes. The phospholipid content appears very low, less than 2 kDa per two hemes.
Three-Dimensional Structure of Crystals. The X-ray diffraction data obtained support a unit cell with asymmetric units, each of which contains two monomers with 150 kDa of protein and 100 kDa of detergent (Brij 35) for a total molecular mass of 400 kDa. As shown in Fig. 4 studies on two-dimensional crystals of the oxidase (31) . Further support for the dimer structure is found in the metal analyses. The presence of only one Cu. per four hemes implies either that one CuX is bound to a polypeptide that is present only once per dimer or that one CuX is bound between two monomers. It appears likely that, although monomers are effective in catalysis of electron transfer from cytochrome c to 02, the dimer structure is essential for the full physiological functioning of the enzyme, where proton pumping and respiratory control are also required.
